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ABSTRACT

New X-ray sources of substantially increased bri l l iance would be
available from undulator magnets operating on a new-generation 6 GeV
storage ring. To understand what research opportunities would be pro-
vided by such improved sources, a number of exist ing x-ray scattering
techniques are brief ly described with a qualitative analysis of their re-
quirements for source br i l l iance . In addition to improvements of e x i s t -
ing techniques which wi l l permit application to a generally broader range
of problems, new opportunities for magnetic and ine las t i c x-ray sca t t er -
ing are discussed.
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A revolution In x-ray research has resulted from the availability of
synchrotron radiation from storage ring bending magnets and recently from
wiggler magnets.1"3 Another extraordinary improvement in source bril-
liance is anticipated when undulator magnets begin to produce coherent
x-ray beams on the next generation of higher energy (6 GeV) storage
rings. These new devices will provide many new opportunities for x-ray
research not possible with current sources.

There are two basic classes of synchrotron x-ray experiments —
scattering and spectroscopy. Both of these techniques will be consider-
ably improved by the next generation of sources of increased brilliance.
In this paper, the emphasis will be on the research frontiers and partic-
ularly the impact of brilliance.

The history of x-ray source brilliance, with is defined as the num-
ber of photons per second per unit source area per unit source divergence
per 0.1Z bandwidth, is shown in Figure 1. The brilliance of a conven-
tional x-ray tube is on the order of 10 photons/sec x mm x mrad x
0.1ZBW. The introduction of rotating anodes increased brilliances in the
early sixties by an order of magnitude. The introduction of synchrotron
sources produced the first qualitative improvement in brilliance over the
x-ray tube; effective brilliance was increased by some four to six orders
of magnitude. Although there is an enormous difference (about two orders
of magnitude) between using a bending magnet during parasitic beam time
at the Stanford Synchrotron Radiation Laboratory, and using the 54-pole
wiggler3 during dedicated operation, these are quantitative increases
when viewed in this historical perspective. The brilliance potentially
available from an undulator on a 6 GeV ring represents a further increase
of five to six orders of magnitude, and it will drive the next generation
of synchrotron x—ray science.

Figure 2 describes the properties of synchrotron radiation. It
shows the fundamental relationships between the critical wavelength pro-
duced by a bending magnet which provides a continuous spectrum as a func-
tion of wavelength and energy, and the undulator on which the new genera-
tion of experiments will be based. The undulator produces a peaked

spectrum in which the photon wavelength, Am, depends on the harmonic
number m, the magnetic period of the device Au, the electron energy y
(in units of me ), and a factor which includes the R parameter of the un-
dulator device. This parameter is simply the magnetic field strength
times its period, that is K = 0.93 B(T)Au(cm). One can tune an undula-
tor over a small (say 10%) range by varying the magnetic field by chang-
ing the gap between the permanent magnet poles. A better way to tune it
would be changing the magnetic period, but the technical aspects associ-
ated with this technique have not yet been studied in any detail.

The performance of an x-ray undulator on a 6 GeV machine running at
some 100 milli—amps is shown in Figure 3. At a photon wavelength of 1A
this device would produce an approximately isotropic cone of radiation,
emitting into a solid angle (A9) given by two times the photon wave-
length over the length of the undulator. For a device 2 meters in



length, A8 » 10~5 radians. All the radiation of the fundamental wave-
length would be transmitted by a pinhole 10 microradians in angular size;
at 20 meters from the source this aperture would be 200 microns in diam-
eter. The flux at the fundamental wavelength would be approximately 10
photons/sec x 0.1Z BW, and the brilliance about 10 photons/sec x nmZ x
mrad2 x 0.1ZBW.

Having described the characteristics of undulator radiation, it is
appropriate to provide a general overview of the new research opportun-
ities before discussing specific examples. Figure 4 shows a general
space-time plane which can be used to locate various physical phenomena.
The ordinate denotes momentum transfer (in inverse angstroms) going to
successively smaller resolutions, and distance (in millimeters) going to
successively smaller length scales. The abscissa denotes energy, in
volts, going to successively smaller energy scales and time, in pico-
seconds, going to successively smaller time scales. Currently, experi-
ments with x-rays are generally done outside the central region. That
is, they are done with energy-transfer resolution of less than 1 eV.
They are done with momentum-transfer resolution generally poorer than
10 inverse angstroms. They are done with real-space resolution gener-
ally poorer than. 10 microns, and they are done with time resolution
generally longer than about a nanosecond. These are not hard bound-
aries. There are experiments which penetrate in various ways, but they
are exceptions... The x-ray undulator, however, will permit us to work
routinely in the central region. It is also very exciting to note that
there will be possible overlaps. It will be possible to do both diffrac-
tion and microscopy simultaneously. It will be possible to do inelastic
scattering and time-resolved scattering.

The principal techniques using synchrotron radiation in the x-ray
region are based either on spectroscopic or diffraction techniques.
Absorption spectroscopy , of course, is the technique that grew along
with the development of sy ^hrotron radiation. It grew increasingly more
sophisticated as synchrotron sources grew more sophisticated, and it is
an example which demonstrates very nicely how increases in flux and in
brilliance have Impact on the quality of science that is possible.
Today, absorption spectroscopy experiments are routine and they have been
used in many different areas. The following papers on materials science
and biological applications will describe some of the most interesting
applications. The present discussion is concentrated entirely on scat-
tering: elastic scattering and inelastic scattering. Research based on
these techniques constitutes the strongest case for the high-brilliance
devices which will be available on the next generation of high-energy (6
GeV) storage rings.

Elastic scattering experiments are extraordinarily well-matched to
synchrotron sources primarily because the natural opening angle of the
radiation is on the order of a Darwin width of a perfect crystal. Thus,
a momentum-transfer resolution on the order of 10~3 to lO""1* inverse ang-
stroms is naturally achieved. Conventionally, such scattering instru-
ments have an energy resolution on the order of 1 eV. The energy
resolution is not particularly important in an elastic scattering experi-



ment except to reject Compton and fluorescent background. Later In this
paper possibilities will be discussed for inelastic scattering experi-
ments which will improve the energy resolution in order to access the
region of thermal excitations In condensed matter.

Concentrating on elastic scattering experiments, there are a variety
of different types of techniques: high Q-resolution, time-resolved dif-
fraction, small angle scattering, anomalous scattering, standing wave
diffraction, white-beam techniques, and grazing incidence scattering.
Examples of each of these techniques will be described below to show In
general what experimental work is being pursued and how these techniques
would each individually benefit from the brilliance of the new generation
of sources. Note also that there are new opportunities and new tech-
niques such as magnetic x-ray scattering which will be impossible without
the flux and brilliance of new sources. Similarly, diffraction micros-
copy would represent an important opportunity available with the new
sources.

Before discussing the specific techniques, let me review the import-
ant general elements of brilliance. As described above, brilliance is
the number of photons per sec per unit solid angle and unit area of the
source. Scattering experiments require flux, collimation, and small beam
size in varying degrees. Flux Is necessary for studying lower-Z materi-
als, for studying samples with few scattering particles (such as atomic
microclusters), and for performing time-resolved experiments. Collima-
tion is necessary in scattering experiments to study long-range coher-
ence. In some cases collimation in only one angular direction is ade-
quate, and the broad fan of highly collimated radiation from bending mag-
nets and wigglers is utilized. But in other cases, such as in small-
angle scattering and in some applications in wide-angle scattering (e.g.,
glancing angle scattering and transmission experiments in two-dimensional
systems) it is exceedingly Important to have a beam collimated in both
spatial dimensions. Finally, the requirements for beam size: for study-
ing small crystals; for restricted access as in a high-pressure experi-
ment in a diamond-anvil cell; for investigating atomic clusters in narrow
beams;and for diffraction microscopy. All of these applications involve
sample dimensions on the 10- to 100-mlcron size scale. To summarize the
impact of brilliance, If a technique or experiment has a requirement in
each one of these categories - flux, collimation, beam size — it
benefits directly from a high brilliance source. It is possible with an
optical element, to trade collimation for beam size, but one can only
improve both with sources of increased brilliance.

How let me turn to specific examples. Figure 5 shows a diamond-
anvil cell used in high-pressure diffraction experiments.7 In order to
access the crystal, which is typically on the order of 10-100 microns in
size, one needs to get the radiation in and out through a relatively nar-
row angle defined by the gaskets. The diffraction experiment requires
high collimation. Therefore, source brilliance will be the determining
factor. Continuing on the theme of high pressure, it is important to
mention that undulators proposed for a 6 GeV ring would produce funda-
mental radiation up to 20-kilovolt energy range. Such hlgh^energy pho-



tons are one of the Important advantages of these proposed high-energy
machines* High-pressure experiments demand high-energy photons for
penetrating the diamond cell. The signal measured in an experiment is a
combination of the intensity, the transmission, and the reflecting
power. Calculations show that maximum signals are achieved at about 15
keV (X » 0.8 A ) .

The standing wave method is another technique demanding bril-
liance. In these experiments a highly collimated x-ray beam is Bragg-
reflected from the surface, as shown in Figure 6. During the process of
dynamical reflection, a standing wave field penetrates the surface and
atoms on or in the surface layers are excited into fluorescence. This
signal depends on the atoms' location relative to the standing wave
field, allowing the determination of the atommic positions. This tech-
nique requires a highly collimated incident beam to precisely define the
incident angle. Furthermore, to look at a reasonably small area on the
surface, a beam with relatively small size is necessary. Therefore, this
technique benefits directly from brilliance. The best example of this
research so far is the study of bromine on the surface of silicon.
Figure 6 shows a sea: of the crystal through its Darwin curve and the
fluorescence from bromine. The location of the fluorescence peak rela-
tive to the rocking curve determines the position of the Br atom above
the surface.

Grazing-incidence scattering is another technique for getting
information on the surface structure of materials, as shown in Figure 7.
This method has been developed over the last few years, and it is a good
example of the importance of brilliance. Grazing Incidence scattering
requires very high collimation in. both the vertical and horizontal direc-
tions. High collimation is necessary in the diffraction plane in order
to get high-resolution diffraction information. But high collimation is
also necessary in the grazing—incidence direction iu order to define the
angle—of—incidence with adequate precision, since the angle-of—incidence
is directly related to the penetration depth. Therefore, collimation in
both spatial directions is extremely important. Again, small beam sizes
are required because at glancing angles the sample does not have a large
effective area. The requirements for both vertical and horizontal reso-
lution, for small beam size, and for large flux (e.g., if it is a low-Z
material) are precisely the requirements for brilliance. Using these
grazing-incidence techniques, a variety of experiments have been done.
One example is the study of the commensurate-incommensurate transition
of monolayers of lead on copper as shown in Figure 8. A study of the
reconstruction of Germanium (100) has also been undertaken.11 In favor-
able cases, for example Au(110), rotating anode fluxes are adequate to
do glancing-angle experiments, with signals of 10 counts a second. But
for Si(lll) 7x7, the signals are 101* weaker and it is impossible to use a
laboratory source. The first Si(lll) 7x7 reconstruction peaks were re-
cently observed at SSKL. We see an increasing number of surface struc-
tural problems where good x-ray structural information is already avail-
able or should be shortly. Ultimately, synchrotron x-ray techniques will
permit the determination of the structures of surfaces with a degree of
certainty that has been available for standard three-dimensional crystal-
lography for some time.



The next example chosen is a variant of the glancing-angle technique
using a liquid sample, as shown in Figure 9. This is very difficult dif-
fraction geometiry since the liquid surface must be kept horizontal. Note
that this experiment is also very demanding in collimation as well as
flux. Using surface ~" "".ection scans, such as shown in the Figure,
direct measurement.- jeen made of the surface-induced smectic A phase
above the nematic \lc A phase transition in liquid crystals.

Surface <L'. =>-i/ itudies can often be done to advantage in a
transmission pi .... aich also requires two-dimensional collimation.
If the incident wave-vectoir is very well defined in its divergence in the
diffraction plane one can measure long coherence lengths. However, if
this radiation comes from a bendiag aagnet ox a vjiggler, it will have a
large divergence perpendictilar to the plane, which will mean that the
resolution function is elongated. Two-dimensional scattering is a rod in
reciprocal space, as shown in the inset to Fig. 10, and it is oriented
perpendicular to the resolution function in the transmission geometry.
The anisotropy of the resolution function is such that failure to match
the resolution with the scattering profile reduces the signal by up to a
factor of 100. With an x-ray undulator, which would provide a very high-
ly collimated beam in both spatial directions, one would have an iso-
troplc resolution function. As a result, transmission-geometry experi-
ments, which are favorable for many cases, could be performed without
paying this large price in signal.

Figure 10 shows some results from an experiment that was done
without the advantages of resolution focusing. This experiment demon-
strates the lack of long-range order in two-dimensional crystal systems
confirming theoretical predictions made decades ago, and helping to
establish the basis for the study of 2D melting. Another approach to the
study of 2D phase transitions involves graphite substrates. A whole
family of measurements on phase transitions of various types has been
made using exfoliated graphite samples. Recently data from monolayers
on single crystal graphite has been obtained ., as shown for krypton in
Figure 11. The signal rates are reasonably substantial, on the order of
1000 counts per second, using an 8-pole wiggler at SSRL. However, if one
is considering a more ambitious experiment, considerably more flux is
necessary. One experiment that is very interesting is the behavior of
monolayer helium. Scaling the krypton data shown in Figure 11, one
would predict a count rate of 1 count/sec with existing sources. The
improvement anticipated at the new facilities would be about an order of
magnitude more flux, using an instrument which could provide wave vector
resolution of about 10" A" . Large bandwidth multilayer monochromators
could be used to gain an additional factor of 100 in signal at the ex-
pense of resolution. This trade-off would be advantageous for studying
the 2D crystal-t-o-superfluid transition.

Time-resolved diffraction studies are also in the category of flux-
demanding experiments. Figure 12 displays some results from time-
resolved experiments done at Cornell in the last few years looking at
the properties of silicon and germanium during laser annealing. In this
experiment, the diffraction pattern is measured as a function of angle.



The x-ray beam is synchronized with the laser-annealing pulse to follow
the behavior of the surface structure as a function of time after the
initiating laser pulse. As shown in Figure 12 the Bragg peak is ex-
tended, showing the thermal heating of the surface. From these data it
is possible to determine a precise thermal profile of the surface and
follow in detail the process of recrystallization following the laser
pulse. In this work, the time resolution was on the order of 5 nano-
seconds . ,

There are interesting time-resolved experiments spanning a wide
range of time scales, and an example of data taken on the scale of
minutes is shown in Figure 13. This particular experiment involves
small-angle scattering studies of phase separation in borate glass.2

Although such experiments are possible on the time scale of minutes, one
has a great deal more flexibility in choice of problem (that is, shorter
time-scale) if more photon flux is available. Note also that small-angle
scattering experiments are experiments which need two-dimensional col—
limation, so x-ray undulators are the ideal sources.

I would like to turn now to a discussion of prospects for new kinds
of experiments which have not yet been undertaken on existing storage
rings. One of these is magnetic scattering. There is a relativistic
term in the interaction of the x-rays with matter that couples the elec-
tromagnetic field of the photon to the magnetization of the solid. The
scattering structure factor is down by two to three orders of magnitude
and the cross-section for iron, for example, is down by about 10 .
Although these cross-sections are small, scattering should be easily
measured with available fluxes from storage rings.

The opportunity exists to do experiments that are not in the tradi-
tional area for neutron research, for example very high Q-resolution mag-
netic scattering. Wave vector resolutions of 10 A come naturally
with a synchrotron x-ray scattering instrument. It turns out that there
are terms in the magnetic cross-section which differentiate the spin and
the orbit. There are anomalous magnetic-scattering effects. Unlike neu-
tron scattering, small samples are perfectly adequate for x-ray experi-
ments. One could study magnetic materials which have high neutron—ab-
sorption cross-sections and, most interestingly, it should be possible to
study surfaces. Surface-enhanced magnetism is an interesting field and
very little good data are available on the magnetic structure of sur-
faces. There should be magnetic analogues to the surface-reconstruction
problems, and these could potentially be seen with the high-brilliance
sources.

A second example of new techniques which demand brilliance is in-
elastic scattering, with energy resolution on the order of thermal (aeV)
energies. Inelastic scattering experiments have been done, although not
to a great extent, with "1,|V energy resolution.22 Moving into the
regime of a few millivolts would greatly increase the range of study of
physical phenomena of interest in condensed matter physics. There
would be a number of potential advantages of x-rays in the range of ener-
gy and momentum transfers where interesting cooperative phenomena take



place. Of course, x-rays have the general advantage that they couple
directly to the electronic charge. There are additional specific advan-
tages in each of the three separate regions of energy and momentum trans-
fer shown in Figure 14. In region I excitations in disordered materials
can be studied without the kinematical restraints of neutron scattering.
In area II, the energy transfer regime above 100 meV, x-rays techniques
are ideal. A 15-keV photon can easily transfer energies in this regime,
whereas the neutron flux available from reactor sources at these energies
is very small. Finally, region III is the high momentum-transfer range,
which is the work horse region for neutron scattering. Here x-rays would
offer some complementary advantages to neutrons: small samples, neutron-
absorbing materials, and perhaps the study of the dynamics of surfaces,
for example.

Inelastic scattering depends, of course, on being able to get energy
resolutions in the millivolt range. It is well known that using back-
reflection techniques with perfect crystal monochromators one can achieve
these kinds of energy resolutions. Figure 15 shows the energy resolution
as a function of photon energy for various Bragg reflections in silicon.
There are two curves which derive from two different types of structure
factors for silicon reflections. Reflections with high Miller indices
excited by photons in the 10-keV to 15-keV range will naturally provide
energy resolutions below 10 meV. To implement techniques or instruments
based on these ideas requires fairly elaborate engineering, particularly
if the sources that will be used are not of high brilliance. One has to
collect a large number of x-rays, both in the monochromatic beam and in
the scattered beam. It is necesssary to bend the monochromator and anal-
yzer crystals into a spherical shape. Bending introduces a strain which
is hard to eliminate. Elaborate strain-relief schemes are being studied
but the technology is difficult and such monochromators have not yet been
achieved. Although we are optimistic that success will result, it has
not yet been achieved. In the context of x-ray undulator sources, many
advantages would be obtained for inelastic scattering with this highly
collimated radiation. The technique is greatly simplified. It is not
necessary to bend a crystal and no elaborate optical systems are required
for focusing. Starting with a highly collimated source, one can use a
flat pre-monochromator, a flat back-reflection monochromator, and another
flat or cylindrically-bent back-reflection analyzer. With this instru-
ment samples that are less than a couple of tenths of a millimeter will
be adequate. Thus, it is clear that an x-ray undulator would be of great
advantage for inelastic x-ray scattering.

Is millivolt resolution the limit for inelastic x-ray scattering?
Probably for routine experiments that will be the limit, but other tech-
niques are currently under discussion. One such method involves using
nuclear-resonant scattering from Fe57 to monochromate x-rays to a level
of 10" eV. Using beams from the proposed 6 GeV x-ray undulator, one
would have some 10 to 10 photons/sec. These levels are similar to
beams from a standard x-ray tube, but with one part in 10** monochroma-
ticity. There are many interesting experiments which could be performed
with this energy resolution, particularly in the dynamical properties of
condensed matter and in iron—containing biological structures.



In conclusion it should be emphasized that it is not generally pos-
sible to predict the most exciting science that will be possible using
improved sources of radiation. In this paper an attempt has been made to
demonstrate the crucial importance of source brilliance in determining
the limits of various current x-ray scattering methods. From this basis
it is straightforward to envision the improvement of existing techniques
which will result with a gain of 10 provided by x-ray undulators on a 6
GeV ring. Generally these involve improved resolution in real space, in
reciprocal space, in time, and in energy. They involve extensions to
studies of lower scattering cross-sections resulting from small sample
volume, lower-Z constituents, small displacement modulations, and weak
scattering processes. The range of improvement is so vast that lists of
specific examples do not do justice to the scientific possibilities.

In spite of the strength of the above arguments, the most exciting
science to be done at new facilities will probably not be based on exist-
ing methods but on new methods which are simply not possible with current
brilliance levels. Two examples of these new techniques are x-ray
holography and sub-meV inelastic x-ray scattering. Nevertheless, as
strong as this argument is, the history of x-ray and neutron source
development shows that even the predicted new techniques are often
eclipsed in importance by unpredicted discoveries which occur as
scientists begin to actually use the new sources. By providing five
orders of magnitude improvement over current facilities, these new
sources will undoubtedly be rich sources of scientific discovery.

In preparation of this paper I have benefitted from collaboration
and conversation with colleagues too numerous to mention. I hope it will
suffice to generally thank the x-ray community for their commitment to
synchrotron radiation development.
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Figure Captions

Fig. 1 The history of x-ray sources brilliance is represented by the
performance of x-ray tubes including rotating anodes, and vari-
ous source devices on the SPEAR storage ring. A proposed 6 GaV
storage ring designed for synchrotron radiation production could
achieve a brilliance of about: 10 .

Fig. 2 A summary of the general properties of synchrotron radiation as
produced by a uniform magnetic field provided by a storage ring
bending magnet and by a periodic field device known as an un-
dulator.

Fig. 3 The properties of the radiation produced by an x-ray undulator
on a 6 GeV storage ring would include very high collimation,
flux, and brilliance.

Fig, 4 The fundamental physical properties of condensed matter can be
categorized according to their spatial and temporal dimensions.
Squivalently they are often studied in terms of their energy and
wave vector dependence. Current x-ray techniques based on
synchrotron radiation cannot routinely access the central region
shown above. New synchrotron sources based on undulatdrs on a 6
GeV storage would open this central region to study.

Fig. 5 The principle of a diamond-anvil high pressure cell.

Fig. 6 Schematic illustration (upper figure) of a silicon (111) surface
viewed edge-on along a (110) projection. Distances A and B in-
dicate bromine-atom positions above surface. Silicon and brom-
ine atoms are represented by open and closed circles, respec-
tively. The position of the relevant (111) and (220) Fourier
components of the charge density are indicated by dashed lines.
In the lower figure bromine fluorescence and reflectivity
angular yields for (111) Bragg diffraction on a silicon (111)
surface. Angular scale is in reduced units where rocking curve
width is 2. Ref, 8.

Fig. 7 Grazing incidence scattering geometry.

Fig. 8 Monolayer Pb on Cu(110). Scans (top) show the commensurate
(open circles) and incommensurate (filled circles) solid; scans
(bottom) as a function of temperature show the changing line
shapes as the solid melts. Ref. 10.

Fig. 9 Geometry for diffraction from a horizontal surface is shown in
the upper figure. Total reflection (Q/Qo < 0.1), Fresnel
partial reflection and diffraction from smectic A layering at
the surface are shown in the lower figure. Ref. 14.
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Fig. 10 A scan through the (10) Bragg rod (see reciprocal lattice shown
in inset) demonstrates the lack of true long-range order in the
two dimensional crystal of 14S5. The scattering fits the power
law function (solid line) which is distinctly different from the
resolution function (dashed line). Ref. 15.

Fig. 11 A scan thrugh the (10) Bragg rod of a monolayer of Kr adsorbed
on a single crystal graphite surface demonstrates the signal
rate and resolution obtainable with synchrotron radiation.
Ref. 17.

12 Results of an initial investigation of laser annealing of pure
| silicon. Extended Bragg scattering profiles were measured for
J two different delay times between laser and X-ray bursts; 100 ns
].. (circles) and 195 ns (squares). The "no laser" profile indi-
- cates the instrumental resolution. Ref. 19.

Fig. 13 Time evolution of the small angle X-ray scattering at 460°C for
a 80 B203-15 PbO-5 AI2O3 glass. The times (min) are 10.0, 18.1,
23.6, 31.1, 37.3, 46.9, 57.0, 67.2, 78.0, respectively, from the
bottom to top data sets. Ref. 20.

Fig. 14 An illustration of the energy and momentum transfer regimes ac-
cessible using x-ray and neutron probes to study excitations by
inelastic scattering. For 14 meV and 100 meV neutron energies,
the accessible region is located within the respective inverted
parabolas. For a 14.4 keV x-ray, virtually the entire energy-
momentum plane is accessible except for a small region Q(A ) <
0.51 x 10-6 E (meV). Ref. 23. ~

Fig. 15 The absolute resolution versus the back-scattering (29 = 179°)
photon energy for the two classes of Bragg reflections in sili-
con. Ref. 23.
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